ABSTRACT -(Patterns of litter production in a secondary alluvial Atlantic Rain Forest in southern Brazil). Above-ground litter production is one of the most accessible ways to estimate ecosystem productivity, nutrient fl uxes and carbon transfers. Phenological patterns and climatic conditions are still not fully explained well for tropical and subtropical forests under less pronounced dry season and non-seasonal climates, as well as the interaction of these patterns with successional dynamics. Monthly litterfall was estimated for two years in a 9 to 10 year old secondary alluvial Atlantic Rain forest. Total litterfall was higher in the site with more developed vegetation (6.4 ± 1.2 ton ha -1 year -1 ; 95% confi dence interval) as compared to the site with less developed vegetation (3.0 ± 1.0 ton ha -1 year -1 ). The monthly production of 11 litter fractions (eight fractions comprising the leaf litter of the seven main species of the community and other species; reproductive parts, twigs ≤ 2 cm diameter, and miscellaneous material) were correlated with meteorological variables making possible to identify three patterns of deposition. The main pattern, dominated by leaf-exchanging species, consisted of a cycle with the highest litterfall at the beginning of the rainy season, preceding by basically three months the peaks of the annual cycles of rainfall and temperatures. Other two patterns, dominated by brevi-deciduous species, peaked at the end of the rainy season and at the end of the non-rainy season. Tropical and subtropical dry forests that present the highest leaf fall gradually earlier than rain forests (as the studied sites) are possibly related to the start of senescence process. It seems that such process is triggered earlier by a more severe hydric stress, besides other factors linked to a minor physiological activity of plants that result in abscission.
Introduction
A large part of the original Atlantic Rain Forest is located along the Brazilian coastline and referred to as the Dense Ombrophylous Forest, according to Veloso et al. 1991 . In the state of Paraná (Southern Brazil), this phytogeographic formation can be divided into many forest types due to environmental differences (e.g., soil, topography) among sites. Different plant communities occur from coastal plains to the western slopes of Serra do Mar, towards the ecotone with the Mixed Ombrophylous Forest (Araucaria Forest). Most of the Atlantic rain forests is nowadays in the early and intermediate stages of secondary succession due to the past of deforestation and soil degradation. Today only 7.5% of the Brazilian Atlantic Forest (a hotspot for conservation) original cover remains (Myers et al. 2000) . Including intermediate secondary forests and small fragments (< 100 ha) this percentage increases, ranging from 11.4 to 16% (Ribeiro et al. 2009 ). In the state of Paraná the situation is similar with a forest cover reduction to 9% (Fundação SOS Mata Atlântica 1998). Among Atlantic rain forest types, the alluvial formation is the most degraded (Sema 2002) .
Several authors (e.g., Golley et al. 1978 , Varjabedian & Pagano 1988 emphasize the need to understand these ecosystems and the restoration mechanisms to recover pre-existing primary productivity, biodiversity and genetic fl uxes. Above-ground litter production is one of the most accessible ways to estimate ecosystem productivity and nutrient fl uxes (Brown & Lugo 1982 , Sampaio et al. 1993 . Therefore, many studies estimated litter production in different regions of the world, mainly tropical and temperate forests (Bray & Gorham 1964 , Vitousek 1984 , Vogt et al. 1986 ). In Brazilian Atlantic rain forests litterfall studies have been published (Jackson 1978 , Varjabedian & Pagano 1988 , Sampaio et al. 1993 , Leitão-Filho et al. 1993 , Oliveira & Lacerda 1993 , Custódio-Filho et al. 1996 , Mazurec & Villela 1998 , Louzada 1997 , Domingos et al. 1997 , Moraes et al. 1999 , Domingos et al. 2000 , Portes 2001 , GamaRodrigues & Barros 2002 , Pinto & Marques 2003 , Britez et al. 2005 but data on vegetation growing on alluvial soils are scarce or non-existent, despite their critical situation. Those studies demonstrate the importance of this kind of research. Comparisons among ecosystems provide diagnosis of the succession and the need of intervention for restoration depending of their resilience level.
Monitoring of phenological patterns can also be achieved through litterfall studies. Many phenological and litterfall studies used correlations to detect synchronies among biological and meteorological cycles, without the pretension of explaining relations of cause and effect through these analyses , Marques & Oliveira 2004 , Chapman et al. 2005 . According to Morellato et al. (2000) those relationships remain ambiguous for tropical forests under less and non-seasonal climates where even simple patterns of fl owering, fruiting or formation of new leaves are hardly understood, much less the interaction of these patterns with successional dynamics.
Generally, abscission in evergreen rain forests (lacking a strong dry season) occurs with more intensity when there is an increase of day length, solar radiation, air relative humidity, rainfall and consequent leaf fl ush (Larcher 1986 , van Schaik et al. 1993 . This is also observed in several litterfall studies in Atlantic rain forests in Brazil (Jackson 1978 , Sampaio et al. 1993 , Custódio-Filho et al. 1996 , Moraes et al. 1999 , Portes 2001 , Britez et al. 2005 . However, each plant community is comprised by many species, each one with different cycles and responses to its environment.
This study is part of a medium term research on successional dynamics of an alluvial Atlantic rain forest (called Succession Project) at the Salto Morato Natural Reserve (RNSM). This paper reports: 1) the production of above-ground components of litter; 2) the classifi cation of the litter fractions in main seasonal patterns through the search of temporal distances among litterfall and meteorological annual cycles.
Material and methods
The study area -The alluvial forest is located at the RNSM at an altitude of 20 m, in the municipality of Guaraqueçaba, on the northeastern coast of Paraná, Brazil (25°10'45" S and 48°17'48" W). The climate can be classifi ed as Cfa, or subtropical, according to Köppen System (Iapar 2005). Daily mean temperature in the coldest month is less than 18° C and the mean temperature in the warmest month is higher than 22° C, with hot and wet summers (January-March), and a relatively non-pronounced dry season. Mean annual rainfall is at least 2,000 mm (Iapar 2005). Maack (1968) considered the region as having a transitional tropical climate. This is a representative forest of the alluvial plains and is the typical successional stage found along the extensive Brazilian coastline. The Guaraqueçaba region is considered an Unesco World Heritage Site for comprising signifi cant remnants of the endangered Atlantic Rain Forest. Cenozoic sediments originated from Serra do Morato (uplifted blocks of igneous and high-grade metamorphic rocks), driven by highly variable energy transport and a low level water table, resulted in an alluvial plain (fi gure 1) with a mosaic-like soil distribution. The specifi c area (7 ha) was investigated during the 9 th and 10 th year after ceasing water-buffalo grazing. An area between the early and intermediate secondary successional stage over medium textured Fluvisols and Cambisols (according to World Reference Base for Soil Resources -FAO-WRB, Embrapa 2006) was selected, in which vegetation structure showed different levels of regeneration, although buffalo grazing was stopped at the same time.
The area was stratifi ed into two sites according to different levels of regeneration classifi ed through tree abundance and basal areas to reduce sampling errors (Gatti et al. unpublished data) . Both areas, here assumed as more and less developed sites, were sampled 9-10 years after water buffalos were removed.
Site 1: The more developed vegetation -It is located closer to an advanced secondary successional stage of a lower montane rain forest (about 100 m far), a major propagules source. The number of trees estimated in 10 (100 m 2 ) plots (perimeter at breast height ≥ 10 cm) was 2,820 individuals ha -1 and the basal area was 22.2 m 2 ha -1 in a total of 36 species (Gatti et al. unpublished data Litterfall collections -In each site, thirty 0.5 m 2 circular litter traps were placed (1 m above soil surface level) in 10 (100 m 2 ) plots of a previous forest structure and composition study (Gatti 2000) . Above-ground litterfall was collected every two weeks from September 2001 to September 2003. The fallen material of three traps in each plot was collected and pooled on a "monthly" basis (28 days) and considered a replicate (n = 10). After previous air drying, each sample was sorted into four groups (leaves, reproductive parts, twigs ≤ 2 cm diameter, and miscellaneous material). Leaves were split into eight sub-fractions: seven according to the species of more expressive abundance (Myrsine coriacea, Myrsinaceae; Alchornea glandulosa Poepp., Euphorbiaceae; Psidium guajava L. (exotic species), Myrtaceae; Senna multijuga, Leguminosae; Cecropia pachystachya, Cecropiaceae; Tibouchina pulchra, Melastomataceae and Citharexylum myrianthum Cham., Verbenaceae) and one comprising leaves from all other species of the community. All fractions were oven-dried at 65° C for at least 72 h and weighted.
Meteorological data -Mean monthly minimum, mean and maximum temperatures (°C), insolation (h day -1 ) and relative humidity (%) and monthly rainfall (mm) data from the nearest climatic station with similar conditions (40 m of altitude and 26 km far from study area) were used for correlation calculations. Historical data from the last 20 years were also used. Data were made available by Meteorological Service of State of Paraná (Simepar). Mean monthly rainfall was also measured in the study area using six 12.5 cm diameter, polyethylene funnels connected into fi ve liter polyethylene bottles. Each apparatus was mounted in a PVC tube so that each funnel rim was around 1 m above the soil surface (Scheer 2009 ). Rainfall was measured every two weeks corresponding to the same interval of litterfall collection. A test comparing daily measures indicated little evaporation occurred. Rainfall data from the study area presented high correlation with rainfall measured by the offi cial meteorological station and therefore were used in correlation calculations (r s = 0.937, P < 0.00).
Statistical analyses -Data on litter production were extrapolated to kg ha -1 . Sample errors of stratifi ed means with 95% confi dence intervals were estimated. Statistical signifi cance of the differences between means was tested by the t-test, ANOVA and Duncan's test. Data were lntransformed whenever necessary to fi t normality, homogeneity of variance and other conditions. Spearman's rank correlation coeffi cients (r s ) were calculated according to Zar (1999) to correlate litter components produced along the months (considering the mean of the two sites due to the similar behavior and to simplify the results) with meteorological variables. Similar non-parametric correlations are also used in many phenological and litterfall studies , Marques & Oliveira 2004 , Chapman et al. 2005 .
Considering that leaf abscission is the last step in a planned senescence process within tree leaves (Coder 1999) , climatic factors can trigger physiological changes at the start of a planned senescence, a process that needs some time to complete abscission. Therefore, the temporal distances among the analysed cycles were detected through the search of the highest coeffi cients found through the dislocation of the data sequence of 24 months of production of each litter fraction to match with the data sequence of the 24 months of each meteorological variable (dislocations varying from ±1 to ±13 months). Litterfall data of the two studied years were also related with meteorological historical data for the last 20 years and similar patterns and correlation coeffi cients were observed (data not presented).
Results
Litterfall and its components -The total annual litterfall in the more developed site was 6.4 ± 1.2 ton ha -1 and the less developed site was only 3.0 ± 1.0 ton ha -1 (table 1) . In the fi rst year, total litter production in less developed site was only 42% (2.7 ton ha -1 ) of the total produced in more developed site. In the second year, a signifi cant increase (P < 0.01) to 53% (3.4 ton ha -1 ) was observed. In plots of site 1, leaf litter comprised 69% of total litter production (tables 2 and 3). Twigs contributed 22%, reproductive parts comprised 4% and miscellaneous material made up 5% of litterfall. In site 2, leaf litter contributions increased to 80% while twigs decreased to 11%; reproductive parts and miscellaneous material contributed 6% and 3% respectively (table 2). The amount of leaves of the seven studied species represented 47% of total litterfall in site 1, while other species contributed 22% of total litterfall and 32% of leaf litter. In site 2, leaves of selected species had a higher contribution (79%) while other species contributed only 1% and 1.3% respectively, refl ecting the lower diversity of woody species. In site 1, M. coriacea was the species with the larger contribution for leaf fall, followed by C. myrianthum, S. multijuga, C. pachystachya and T. pulchra, P. guajava and A. glandulosa making up 68% of total leaf fall. In site 2, major leaf fall came from C. pachystachya and T. pulchra, demonstrating their greater importance in this community. Absolute leaf deposition of C. pachystachya in site 2 was twice as high compared to the more developed site (844 kg ha -1 year -1 against 391 kg ha -1 year -1 ). Tibouchina pulchra leaf fall was 50% higher in the less developed site (567 kg ha -1 year -1 against 376 kg ha -1 year -1 ) (table 2).
Litterfall seasonal patterns and their relationships with meteorological variables -Annual average rainfall in the study area was 2676 mm during the period of this study, with no differences between years (P < 0.01).
Monthly litterfall and meteorological data over the two years are presented in fi gure 2. The highest rainfall rates ) and relative humidity ( ; %) of the studied period, assigned by Simepar, Iapar's Guaraqueçaba station, at 40 m elevation at 26 km far from study area. B. Seasonal patterns of total litterfall (kg ha -1 , n = 10 per site; = site 1; = site 2; | = standard error) and rainfall ( ; mm) in the study area, at RNSM, Guaraqueçaba, Paraná, Brazil. (47 mm). The highest litterfall occurred undoubtedly in December of the second year (1,000 kg ha -1 , site 1) (fi gure 2). Statistical signifi cant differences were detected between total litterfall in the rainy season (October -March) as compared to the non-rainy season (April -September) at site 1 (P < 0.01) and at site 2 (P = 0.055). The seasonal behavior of the litter components is shown in fi gure 3. As already commented, leaf litter represents the major part of the litter production and then can be interpreted in the same fi gure.
The strongest correlations, either positive or negative, of monthly litterfall with meteorological data were not observed when comparing data from the corresponding months but did exist for data of previous and/or subsequent months. This resulted in three different correlation patterns, fi tting the litterfall components (simplifi ed in table 4). The goal here was to report the studied stage of succession and, therefore, two years of measurements can be considered suffi cient. It is important to emphasize that correlation analysis do not indicate cause and effect; they only point out similarity in behavior among data sets, providing insights for interpretation of phenological patterns.
The species that present cycles with the highest litterfall at the beginning of the rainy season (spring), preceding basically three months the peaks of the annual cycles of rainfall and temperatures (fi gure 3 and table 4), such as M. coriacea, C. pachystachya, T. pulchra, A. glandulosa and P. guajava fi t the main pattern. Fractions with highest production mainly at the end of the rainy season (summer), such as reproductive parts, twigs, and leaves of S. multijuga, correspond to a second pattern. The third pattern, inverse to the other two with litterfall peaks at the end of the non-rainy season (winter), was observed for C. myrianthum.
Other strong correlation coeffi cients found in table 4 indicate the annual patterns of the studied cycles. 
Meteorological variables
Months prior to litter production Lp Months after litter production 13 12 11 10 9 8 7 6 5 4 3 2 1 0 1 2 3 4 5 6 7 8 9 10 11 12 13
Rainfall ( Varjabedian & Pagano 1988 , Oliveira & Lacerda 1993 . For site 2, litterfall (3.0 ton ha -1 year -1 ) was a little lower than in pioneer Atlantic coastal formations (restingas) reported by Moraes et al. (1999) , Britez et al. (2005) and . Secondary Atlantic rain forests affected by air pollution presented lower annual litter production, between 1.8 and 5.7 ton ha -1 year -1 (Leitão-Filho et al. 1993 , Domingos et al. 2000 . Studies carried out in other Brazilian forests are presented in table 3. Sample size in the present study can be considered satisfactory considering the heterogeneity of the successional process, mainly at site 2, as can be concluded by the calculated standard errors (table 1) .
A higher increase of litterfall was observed at the plots of site 2 from the 9 th to 10 th year of regeneration, as compared to site 1. It seems to indicate that the difference in litter production between sites was reduced with the advance of succession process. This corroborates the general pattern of biomass increment during succession, a hypothesis discussed by Vitousek & Reiners (1975) and by Gorham et al. (1979) . In a study in the same area (same project), despite the fact that site 1 has a basal area three times higher than site 2, the increment in this structural (phytosociological) descriptor was similar (from the 9 th to 10 th year of succession), indicating a relatively higher growing rate in this period in site 2 (G. Gatti et al., unpublished data) . Also, the increase in the basal area increment from the fi rst to the second year of study was 20% in site 2, and only 3% in site 1.
The lowest relative contribution of twigs for site 2 is probably related to the low structural parameters of vegetation (density and basal area) and age of trees. Leaf increment stabilizes relatively earlier than woody increment along succession (Vitousek & Reiners 1975) . Therefore, in more advanced stages of succession, biomass increments are driven by woody biomass, decreasing the proportion of leaves (and leaf litter) (Bray & Gorham 1964 , Vitousek & Reiners 1975 . Among other studies in Atlantic Rain Forest (table 3) , an average of 71% (from 59% to 94%) for leaf contribution was observed. The results suggest a less balanced contribution of leaves at the less developed site than at the more developed one, indicating a succession process accompanied by an increase of diversity and a reduction in dominance. This pattern was also observed by Pinto & Marques (2003) in lowland successional forests over sandy soils in Paraná, Brazil.
The main pattern of leaf litter production is dominated by "leaf-exchanging species", such as M. coriacea, T. pulchra and C. pachystachya, a functional type that includes evergreen species in which their young leaves emerge immediately after abscission of old leaves (Borchert et al. 2002) . The inverse pattern includes only C. myrianthum classifi ed as a "brevi-deciduous springfl ushing species", according to Borchert et al. (2002) , in which bud break is induced by increasing photoperiod after a brief leafl ess period in late dry season. Senna multijuga (intermediary pattern) can also be considered as a brevi-deciduous species, although two peaks in leaf litter were observed, one in middle dry season and other in late rainy season.
Peaks in litterfall at the beginning of the rainy season (the main pattern) were observed in other studies in Atlantic rain forests in Brazil (Jackson 1978 , Sampaio et al. 1993 , Custódio-Filho et al. 1996 , Louzada 1997 , Moraes et al. 1999 , Portes 2001 , Gama-Rodrigues & Barros 2002 , Pinto & Marques 2003 , Britez et al. 2005 (table 3) . Abscission in evergreen rain forests occurs with more intensity when day length, solar radiation, temperature, air relative humidity, rainfall and consequent leaf fl ush increases (Larcher 1986 , van Schaik et al. 1993 . Some tropical and subtropical ecosystems with pronounced seasonality, such as deciduous and semideciduous forests, savannas and some Amazonian forests, generally present the highest leaf litterfall in dry season (Klinge & Rodrigues 1968 , Scott et al. 1992 , Cesar 1993 , König et al. 2002 , Cianciaruso et al. 2006 , Silva et al. 2007 , Pallardy 2008 . However, some of these ecosystems also present peak of leaf fall at the beginning of rainy season or in late dry season (Dias et al. 2002 , Pezzatto & Wisniewski 2006 .
The seasonal variations in abscission among these forest types represent the general adaptations of individuals and species to either biotic and abiotic selective factors (van Schaik et al. 1993) . Variations in abscission among species and individuals in the same ecosystem as observed in the studied area may also be related to differences in topography and soil type that have a great infl uence in water availability. The advanced leaf age, the increasing water stress, diminishing nutrient uptake, shortening of the daylight periods, changes in gaseous composition in the atmosphere and consumption by parasitic organisms have an important contribution to leaf senescence and consequent abscission (Addicott & Lyon 1973 , Borchert et al. 2002 . The leaf senescence can also be a consequence of reproduction or be infl uenced by competition for resources between the older, lower leaves and upper, younger leaves (Pallardy 2008) .
Tropical and subtropical dry forests that present the highest leaf fall gradually earlier than rain forests (as the main pattern of the studied area) are possibly related to the start of senescence process. It seems that such process are triggered earlier by a more severe hydric stress, besides other factors linked to a minor physiological activity of plants that result in abscission. According Borchert et al. (2002) , abscission is delayed when older leaves are well-hydrated. For the studied sites, dominated by evergreen species, the maintenance of old leaves during the winter until the increase in fl ushing in early rainy season seems to be advantageous for production, while the leaf abscission response in deciduous trees in dry forests can provide protection against lethal desiccation to vital meristems, although it occurs at the cost of lost photosynthate (Pallardy 2008) . Water stress affects carbohydrate metabolism leading to an increase in sugar concentration of the leaves and this may be associated with osmotic adjustment of plant tissues (Addicott & Lyon 1973 , Pallardy 2008 . Abscission zone cells secrete pectinase and cellulase (wall degradation enzymes) (Coder 1999) . The protein synthesis and the balance of growth regulators are also affected by water stress. Abscisic acid levels in both roots and shoots increase with tissue dehydration (Addicott & Lyon 1973 , Lin et al. cited by Pallardy 2008 and then stimulate ethylene production and inhibit auxin transport (Coder 1999) . In addition to internal forces, gravity and wind tugging on leaves help fracture lines grow (Coder 1999) . For the evergreen studied sites a better use of resources during the senescence process seems to occur, while in dry forests this is not possible due to the leafl ess period. In the present study, both leaf-exchanging and brevi-deciduous species concentrate leafi ng around the start of the rainy season. According to van Schaik et al. (1993) this avoids the production of new leaves before or during unfavorable conditions.
Leaf fall was also found to be negatively correlated with temperature, rainfall and day length in an average of three months prior in phenological studies at a coastal plain forest (Restinga), nearby the present study area (Marques & Oliveira 2004 ) and in other Atlantic Rain Forest types . In both studies, the highest leaf fall was also registered at the beginning of the rainy season. This time lag is mainly driven by genotypic adaptation of the species to climatic conditions. As already commented, in this case the adaptation results in shedding of old leaves for the renewal of a photosynthetic surface. Young leaves that have just fi nished expanding are most effi cient at photosynthesis and at controlling transpirational water loss (Pallardy 2008) . Nutrient released by decomposition of leaf litter after the start of the rainy season seems to be an important factor in the studied area, considering that nutrient uptake requires active transpiration that can be maximized by new leaves. This ensures an increase in productivity during the most favorable climatic conditions during the warmest and wettest season (van Schaik et al. 1993) . In fact, it seems to occur a synchrony among the maximum quantity of newly formed leaves and maximum rainfall, photoperiod and temperatures, as observed by Morellato et al. (2000) , and Marques & Oliveira (2004) .
According to Pallardy (2008) , leaf shedding of some tropical trees is strongly infl uenced by heredity and not so much by small climatic changes. However, Trewavas (2003 Trewavas ( , 2004 believes that besides genotypic adaptation, plants can also sense very slight gradients of many environmental factors and in this way start their response mechanisms earlier or later in each specifi c year. The acquired experiences in the course of life of individuals in a community result in different performances (Baldwin 1896) and it can result in morphological and physiological changes affecting their phenology through ontogeny (Osada et al. 2002) . In the study area, January is usually the rainiest month according to historical data, but in the two studied years, February was the rainiest month. This phenotypic plasticity of plants, according to Bradshaw (1965) and Addicott & Lyon (1973) , ensures that the physiological result effectively takes place only when environmental conditions are actually favorable, as a pre-adaptation or anticipation mechanism. By responding to a reliable environmental factor, a plant can initiate a developmental response in advance of a change in climate and so optimize phenological timing (van Schaik et al. 1993) . These adaptations may have infl uenced the higher correlation coeffi cients found in this study, although it has not been possible to test it adequately. Therefore, long term studies (mainly physiological studies) are necessary to bring a better understanding of the processes involved, taking into consideration other factors, such as developmental stage of each plant, longevity of leaves, soil factors as well as larger sampling of each species in the community to minimize errors.
Interestingly enough, most studies on litterfall in tropical forests did not detect strong correlations with meteorological data of corresponding months, despite the coincidence of highest litter production with the rainiest and warmest months (Custódio-Filho et al. 1996) . The lack of correlation is then commonly explained by several authors by the fact that variations in litterfall could be more associated to genetic characteristics and/or historical pedo-climatic conditions than to isolated events in the present. This is also related to the lag time between the changes in climatic conditions that can trigger a plant response (start of senescence process) and the effects (abscission) that can be observed. However, the effort to fi nd strongest correlations through the dislocation of the data sequences of meteorological and biological variables made possible to divide the studied litter fractions into three clear patterns of production.
Finally, the results presented here contribute to provide parameters for diagnosis of the succession in similar and different ecosystems, mainly for primary productivity, carbon and nutrient fl uxes. The patterns of production refl ect information about the phenology of important pioneer species and it can support programs of seed collection, frugivory and nutrient cycling studies. The stratifi cation of the same alluvial plain was advantageous because confi rms that the less developed site may need major attention and intervention through techniques improving regeneration. The stratifi cation also improved the precision of variables estimation and helped to fi nd differences otherwise hard to detect.
